The H+H 2 reaction is the simplest chemical reaction system and has long been the prototype model in the study of reaction dynamics. Here we report a high resolution experimental investigation of the state-to-state reaction dynamics in the H+HD→H 2 +D reaction by using the crossed molecular beams method and velocity map ion imaging technique at the collision energy of 1.17 eV. D atom products in this reaction were probed by the near threshold 1+1 ′ (vacuum ultraviolet+ultraviolet) laser ionization scheme. The ion image with both high angular and energy resolution were acquired. State-to-state differential cross sections was accurately derived. Fast forward scattering oscillations, relating with interference effects in the scattering process, were clearly observed for H 2 products at H 2 (v ′ =0, j ′ =1) and H 2 (v ′ =0, j ′ =3) rovibrational levels. This study further demonstrates the importance of measuring high-resolution differential cross sections in the study of state-to-state reaction dynamics in the gas phase.
I. INTRODUCTION
The H+H 2 reaction and its isotope analogs are the simplest chemical reactions and have served as the most important benchmark system in the study of chemical reaction dynamics [1] [2] [3] [4] . There are only three H atoms involved in this reaction, which makes it the best system for the development of quantum reactive scattering theory and high resolution molecular beam experiments [5] [6] [7] . This hydrogen-atom exchange system offers great opportunities for the interplay between highresolution experiments and accurate theoretical calculations which are of great importance in unraveling the detailed mechanism of reactive collisions [3, 5, 8, 9] . Much of our knowledge about chemical reactivity was based on the experimental and theoretical studies of the H+H 2 /HD/D 2 reactions. In the past decades, close interaction between quantum theory and experiment on this benchmark reaction system has greatly advanced † Dedicated to Professor Kopin Liu on the occasion of his 70th birthday.
* Authors to whom correspondence should be addressed. E-mail: xmyang@dicp.ac.cn, xawang@ustc.edu.cn our understanding of chemical reaction dynamics [8] [9] [10] [11] [12] [13] . Futhermore, the hydrogen-atom exchange reaction has also played an important role in the development of many key concepts in reaction dynamics [1, 2, 4, 6, 14, 15] . Through a high resolution molecular collision experiment, we can better understand how a specific chemical reaction takes place by investigating the scattering pattern of the reaction products [7, [16] [17] [18] [19] [20] . The accurate measurement of a differential cross section (DCS) is therefore one of the key tasks in the study of chemical reaction dynamics. However, For the H+H 2 system, experimental complexities hinder the acquirement of state-resolved DCS until 1990s. With the fast development of the laser-based detection techniques since the mid 1990s, researchers are able to measure the state resolved DCS of elementary chemical reactions. Significant progresses have been made in a series of synergetic studies with high resolution experimental results and accurate quantum mechanical calculations. Since the late 1990s, state-resolved DCSs have been presented by experiments using the Rydberg H-atom timeof-flight measurement (RHTOF) and the PHOTOLOC method for the H+H 2 reaction and its isotopic variants [8, 21, 22] . In particular, interesting phenomenon, such as quantized bottleneck state, in the H+H 2 reaction, has been clearly revealed with the high-resolution results from RHTOF method [7, 9] .
Besides the focus on improving the energy resolution in scattering experiments, accurate measurement of the angular distribution in a state-resolved DCS is very important too. In a gas-phase reactive scattering process, products could be scattered into different directions. Forward scattering has been found in many chemical reactions [5, 23] , and is of particular importance in understanding fundamental chemical dynamics, for instance, the quantum bottleneck states and effects of reactive resonances.
As a result, a detailed understanding of the angular distribution in the forward direction is beneficial in revealing the mechanism associated with interesting dynamical phenomena. Over the past decades, there have been theoretical predictions of angular oscillations in the H+H 2 and F+H 2 reactions [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , which were attributed to some interference effects. Recently, by using the time sliced velocity map imaging (VMI) and the near threshold ionization method, such angular oscillations in the forward scattering direction have been successfully observed experimentally in the H+HD reaction at the collision energy of 1.35 eV, which confirms the existence of the fast oscillations in the forward scattering direction [33] . Moreover, with theoretical analysis, it is found that these fine features are strongly associated with very limited number of specific partial waves in the reactive scattering of H+HD→H 2 (v ′ , j ′ )+D. Furthermore, since the DCS reveals the most detailed information on a chemical reaction, the observation of the fine oscillations in the forward scattering direction of the H+HD(v=0, j=0)→H 2 (v ′ , j ′ )+D reaction clearly demonstrates the ability of the VMI technique in acquiring high angular and energy resolution DCSs. Very recently, with the VMI and the near threshold ionization method, investigations were also carried out on the H+HD→H 2 (v ′ , j ′ )+D at a higher collision energy of 2.77 eV [34] . The observed fast forward scattering oscillations show very good agreement with the adiabatic theoretical results only with the geometric phase included. This also demonstrates the important role that these fine angular features could play in studying detailed mechanism of reactive collisions.
For a reactive scattering event, the VMI technique in crossed-beam experiments provides a direct mapping of the product Newton circles in the center of mass frame, and is of higher angular resolution than any other technique [35] , as it has also been clearly demonstrated in the study of the rare gas atom+NO inelastic energy transfer processes [36] [37] [38] . For the H+H 2 and its isotopes, as we have shown above, it has been possible to accurately measure the state resolved DCSs with both high energy and angular resolution. On the other hand, there is another experimental difficulty which may preclude further understanding of how these fine oscillations behave at different collision energy, i.e. the intensity of the incoming H-atom beam. In most of the previous experiments with the fine oscillation observed, the H atom beam was generated by a high power fixed wavelength laser. As the observation of these fine structures usually requires long measurement time, it is therefore can be challenging in conducting a scattering experiment at an arbitrary collision energy.
Here we report a high resolution experimental study of the state-to-state reaction dynamics in the H+HD→H 2 +D reaction by using the crossed molecular beams method and VMI imaging technique at the collision energy of 1.17 eV. The H-atom beam was generated by the photodissociton of HI molecules using a pulsed dye laser. D-atom products in the title reaction were probed by the near threshold 1+1 ′ (vacuum ultraviolet+ultraviolet) (VUV+UV) laser ionization scheme. The ion images with both high angular and energy resolution were acquired. State-to-state DCSs were therefore derived. Fast forward scattering oscillations, relating with interference effects in the scattering, were also clearly observed for H 2 products at
II. EXPERIMENTS
The crossed molecular beams apparatus [39] (see FIG. 1 ) consists of a fixed source chamber, a rotatable source chamber and a scattering chamber. In order to obtain a good high-vacuum condition (≈10 −7 torr when the beams are opened) in the collision zone, these three parts are differentially pumped. The rotating source chamber can be rotated to vary the crossing angle between the two molecular beams. In this experiment, the H-atom beam was generated by the photodissociation of HI molecules in a pure HI beam from a pulsed valve (General Valve Series 9), using a 281 nm linearly polarized laser light with a pulse energy of 20 mJ. This photodissociation laser was generated by a pulsed dye laser (Deyang Tech) that was pumped by a pulsed Nd:YAG laser. The fast H atom beam produced from the H+I( 2 P 3/2 ) channel was selected for the reactive scattering experiment. The velocity of the H-atom beam was 16120 m/s. The HD molecular beam was produced by supersonic expansion through a second pulsed valve (Even-Lavie valve). The backing pressure of the HD molecules (97% purity, Spectra Gases Inc) was 13 bar. Pure HD molecules in the valve were cooled to the liquid nitrogen temperature before expansion. About 97% of the HD molecules in the beam were in the ground vibrational and rotational level (v=0, j=0). The velocity of the HD molecular beam was 1240 m/s. The pulsed H-atom beam and the HD beam were collimated by skimmers, and then entered the scattering chamber. These two beams were spatially and temporally overlapped. The differential pumping setup significantly eliminates the residual HI molecules in the scattering region, so the experimental background is well reduced. The D atom products from the reactive scattering were ionized via a two color (VUV+UV) near threshold ionization scheme and subsequently detected by using a VMI detector. The near threshold ionization scheme for the D atom product greatly reduces recoils of the electrons. Therefore, the resolution for this experiment is significantly improved. To cover the entire Doppler profile and achieve a uniform detection efficiency of Datom products with different velocities, the VUV laser wavelength was scanned back and forth during the experiment. For the data analysis, the density-to-flux transformation was also performed.
III. RESULTS AND DISCUSSION
We carried out a high-resolution crossed beams study on the H+HD→H 2 +D reaction using the near threshold ionization-VMI technique on a crossed molecular beams apparatus. The experimental ion image of the D-atom product from the H+HD(v=0, j=0) →H 2 +D reaction at the collision energy of 1.17 eV is depicted in  FIG. 2 . The experimental image shows remarkable resolution in which rotational states were clearly resolved. The energy resolution in this experiment can be well illustrated in the product rotational state-resolved translational energy distribution as shown in FIG. 3 .
By detecting the D-atom product, we can experimentally derive the state-resolved DCS for the molecular H 2 product of the H+HD→H 2 +D reaction in the center of mass (CM) frame. The basic idea is similar to the paircorrelation measurement that was exploited by Liu and coworkers [40] .
According to the energy conservation in a collisional process, for the H+HD→H 2 +D reaction, we can write
where E c is the collision energy, ∆H r 0 denotes the heat of reaction, and E ′ T gives the product recoil energy. The conservation of linear momentum in the CM frame requires
Then, one can write A typical velocity distribution of the D atom product at a CM scattering angle can be acquired by cutting the image through a certain angle. The total kinetic energy releases (TKERs, including the kinetic energies of both D and corresponding H 2 products in the CM frame) .  FIG. 3 shows a typical TKER of H+HD→H 2 +D reaction at the CM scattering angle of 180
• . There are three energy accessible vibrational levels of the H 2 products,
) and H 2 (v ′ =2) levels. The energy combs displayed on the top of FIG. 3 represent the assignment of the rovibrational levels. As mentioned above, rotational states of the H 2 products are clearly resolved (with certain rotational states fully resolved) in the TKERs.
Since the beam of H atom was obtained by photodissociation of HI molecule using the frequency doubled output of a pulsed dye laser (281 nm), which gave collision energy defined very well. The high resolution image allows us to derive the angular distribution of a specific rovibrational level H 2 (v ′ , j ′ ) product by analyzing the rotational state resolved TKERs at a set of different scattering angles. Due to the different nuclear statistics weight for the otho-H 2 and even-H 2 molecules, the H 2 products with odd rotational quantum numbers are more pronounced. This leads to a better resolution for 
detecting the rotational states with odd quantum numbers. FIG. 4 shows the angular distributions at four different rovibrational levels of the H 2 products which are indicated by yellow arrows in FIG. 2 • , then quickly reaches its maximum value at θ≈4
• . After a rapid descent, it reached a minimum value at θ≈9
• . The peak height for the H 2 (v ′ =0, j ′ =1) product is larger than that for the j ′ =3 state as shown in  FIG. 3 . However, the amplitudes of the oscillations for the j ′ =3 state fade much more slowly as the scattering angle increases.
Comparing the current study, in which a relative weaker beam source was employed (photodissociation laser: 281 nm, 20 mJ/pulse), with the previous result of the H+HD→H 2 +D reaction at the collision energy of 1.35 eV (photodissociation laser: 266 nm, 60 mJ/pulse) [33] , we can see that in both cases the forward oscillatory features were clearly observed, indicating that the VUV+UV near threshold ionization scheme is very sensitive in detecting low signals. Moreover, it is interesting to note that although the current collision energy (1.17 eV) is only slightly different from the previous study, and the overall features in angular distributions are quite similar, the forward oscillatory structures are very different at the two collision energies. The forward scattering in this case is therefore very sensitive to the collision energy. This further shows the importance of having high resolution measurement of the DCSs in the study of state-to-state reaction dynamics.
IV. CONCLUSION
We have studied the state-to-state reaction dynamics in the H+HD→H 2 +D reaction by using the crossed molecular beams method and VMI technique at the collision energy of 1.17 eV. By using the near threshold 1+1 ′ (VUV+UV) laser ionization scheme, an ion image with both high angular and energy resolution was acquired. State-to-state DCSs were therefore derived. Fast forward scattering oscillations, relating with interference effects in the scattering, were also clearly observed for H 2 products at H 2 (v ′ =0, j ′ =1) and H 2 (v ′ =0, j ′ =3) rovibrational levels. The collision energy dependent fine forward scattering structure further shows the importance of having high resolution measurement of the DCSs in the study of state-to-state reaction dynamics.
